Background: This study examines non-verbal (design) and verbal (phonemic and semantic) fluency in prodromal Huntington's disease (HD). An accumulating body of research indicates subtle deficits in cognitive functioning among prodromal mutation carriers for HD. Methods: Performance was compared between 32 mutation carriers and 38 non-carriers in order to examine the magnitude of impairment across fluency tasks. The predicted years to onset (PYTO) in mutation carriers was calculated by a regression equation and used to divide the group according to whether onset was predicted as less than 12.75 years (HD+CLOSE; n = 16) or greater than 12.75 years (HD+DISTANT; n = 16). Results: The results indicate that both nonverbal and verbal fluency is sensitive to subtle impairment in prodromal HD. HD+CLOSE group produced fewer items in all assessed fluency tasks compared to non-carriers. HD+DISTANT produced fewer drawings than non-carriers in the non-verbal task. PYTO correlated significantly with all measures of non-verbal and verbal fluency. Conclusion: The pattern of results indicates that subtle cognitive deficits exist in prodromal HD, and that less structured tasks with high executive demands are the most sensitive in detecting divergence from the normal range of functioning. These selective impairments can be attributed to the early involvement of frontostriatal circuitry and frontal lobes.
Introduction
Huntington's disease (HD) is associated with motor disturbances, psychiatric symptoms, and cognitive impairment [1] [2] [3] [4] [5] [6] . An accumulating body of research has postulated the existence of a prodromal phase of HD. Evidence comes from both neuropsychological [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and imaging data [16] [17] [18] [19] [20] . There are alterations in cognitive functioning, as well as in brain structure, before motor symptoms are evident [18, 20] . The predominant pathology in HD is found in the basal ganglia, with distinct changes in the caudate nucleus and putamen [21] [22] [23] . Subsequent cell loss occurs in other subcortical and cortical areas of the brain [19] . Basal ganglia atrophy [24, 25] and the loss of striatal dopamine D1 and D2 receptors [26, 27] cause dysfunction in the frontostriatal circuits [28] . The performance of fluency tasks relies on the integrity of striatum, frontal lobes and frontostriatal circuitry, and to some degree temporal lobes [27, [29] [30] [31] . Although fluency tasks are widely used, and easy and quick to administer, it remains unclear which fluency tasks best capture the prodromal phase in HD. The picture is unclear due to the dearth of studies that track fluency domains in prodromal HD.
Phonemic and semantic fluency was investigated by Larsson et al. [32] in a previous prodromal HD study. It was found that phonemic fluency is more sensitive than semantic fluency in the prodromal phase, and the authors speculated that the results pointed towards frontostriatal, rather than temporal, involvement [32] . However, the frontostriatal circuits are present in each hemisphere [28] and both semantic and phonemic fluency are accompanied by a language component [33, 34] . As the left frontal lobe is primarily engaged in the production of verbal responses in normal adults [33, 34] , and difficulties with verbal fluency tasks have been associated with left frontal lobe pathology [31] , it would be clarifying to use a task that minimizes linguistic demands on fluency performance in prodromal HD. This present study aims to extend previous findings by assessing non-verbal fluency and comparing it with verbal (phonemic and semantic) fluency assessed at the same time point. A non-verbal fluency task, Design Fluency, developed by Jones-Gotman and Milner [35] , assesses the ability to produce abstract designs during a time constraint. This non-verbal counterpart to phonemic and semantic fluency has revealed deficits in patients with right frontal and right frontocentral lesions [35] . However, more recent research suggests that Design Fluency is dependent on both left and right frontal lobes [31, 33] . Accordingly, we hypothesize that (1) the bilateral dependency of Design Fluency could prove the test to be a sensitive marker of cognitive functioning in prodromal HD and (2) mutation carriers closer to disease onset would consequently be less proficient than non-carriers in all fluency tasks.
To test these hypotheses, we measured the magnitude of impairment in the three different fluency tasks and compared these measures within the mutation carrier group and with non-carriers. The objectives of the study were 3-fold. First, our primary goal was to discriminate [36] between the three different fluency tasks and to evaluate the magnitude of impairment revealed by the tasks. Second, as earlier research has shown an association between time to disease onset and cognitive functioning in prodromal samples [12, 37, 38] , we aimed to examine this association using bivariate correlations between fluency performance in the carrier group and predicted years to onset (PYTO). Finally, non-verbal, phonemic, and semantic fluency was assessed at the same time point to test the generality of these findings. Hence, this study aimed to address, for the first time, the pattern of fluency performance by conducting and comparing concurrent non-verbal, phonemic, and semantic fluency tasks in the same sample.
Materials and Methods

Participants
Genetic counselling for HD at Karolinska University Hospital, Stockholm, was established in 1990 [39] . Individuals, who (1) participated in a psychosocial programme within the genetic testing programme, (2) underwent neurological and psychiatric examination, (3) received information of their genetic status, and (4) did not have any other disease that affected their cognition, were qualified to enter a neuropsychological study. Participants entering the neuropsychological study were not invited if they currently or previously had met criteria for manifest HD [40] or if they had a history of other neurological disability, major psychiatric disturbances, or a history of alcohol and/or substance abuse. Neurological examinations were conducted by an experienced neurologist and in accordance with the recommendations of Folstein et al. [41] until 1996, when the current project adopted the Unified Huntington's Disease Rating Scale [42] . HD mutation carriers and non-carriers (hereinafter called carriers or non-carriers, respectively) were at risk of inheriting HD and voluntarily requested genetic counselling. Hence, recruitment of carriers and non-carriers was based on the same motor and cognitive criteria and the non-carriers served as the control group in the present study.
To determine carrier status, linkage analyses were performed until 1993 when the specific genetic marker, a CAG trinucleotide repeat, was discovered by Huntington's Disease Collaborative Research Group. All participants tested before 1993 (n = 7) received mutation analysis except for one carrier who developed minor signs of HD 8 years after the initial neuropsychological testing and was therefore included. Of all participants in the neuropsychological study tested from December 1990 until August 2012, 32 individuals proved to have CAG repeat lengths of 37 or greater and 39 individuals had normal HD alleles, having repeat lengths of 33 or less [5, 43] . One non-carrier was excluded from this study due to brain damage from a motor vehicle accident. Hence, 70 individuals, 32 carriers (HD+) and 38 noncarriers (HD-) were included in the study ( table 1 ) .
All procedures complied with the Helsinki Declaration and the study was approved by the Ethics Committee of the Karolinska University Hospital, Stockholm, Sweden. All participants were informed of confidentiality and gave formal written consent to participate in the study. Only those who had travelling expenses received a small remuneration towards the expenses. The recruitment of participants is described in detail elsewhere [44] .
The demographic and genetic characteristics of the participants are summarized in table 1 . The age ranged between 20 and 61 years in the total sample. A total of 12 carriers have been diagnosed with HD since the start of the programme, providing the opportunity to determine how far from disease onset they were at the time of neuropsychological testing. For the remaining 20 mutation carriers, estimated age at onset was calculated using a regression equation described by Langbehn et al. [43, 45] . PYTO were calculated by subtracting the current age from the estimated age at onset. Years to onset were analyzed, using real years to onset when known and predicted years for the remaining carriers, and found to be positively skewed (skewness = 1.269, SE = 0.414). Median split of the carrier group was performed into two groups using the median years to onset (Md = 12.75): carriers with less than 12.75 years (range 1-12.64) to disease onset (HD+CLOSE; n = 16) and carriers with 12.75 years or more (range 12.85-50.55) to disease onset (HD+DISTANT; n = 16).
Procedure
The participants in the study each underwent separately a comprehensive neuropsychological assessment. The entire assessment took place during 1 day, and the tests were admin-istered, by an experienced psychologist, in the same sequence to each individual. The assessment took 5-6 h to complete. In order to avoid effects of fatigue, there were two breaks, one after 2 h of testing (lunch break) and another after a further 90-min testing session. Information about the entire test battery is published elsewhere [7, 32, 46, 47] . [48] . This test requires the participant to orally produce as many words as possible beginning with S and ending with A. The Swedish language is fairly rich in words beginning with S and ending with A. To minimize a possible effect of automatic, rapid fluency, which takes place in the first 30 s [49] , a 3-min time period was used [48] . The subjects were instructed to exclude proper names and numbers. The total number of words, perseverations, and rule violations was also recorded.
Instruments Phonemic Fluency (S:A Test)
Semantic Fluency (Category Fluency) [29] . Two semantic fluency tasks, fruits and vegetables, were administered. The semantic fluency task requires the participant to say as many words as possible belonging to the categories of fruits and vegetables, respectively, within a 1-min time constraint. The task was scored by counting the total number of words produced as well as perseverations and rule violations. The two categories, fruits and vegetables, were significantly correlated (r = 0.54, p < 0.001) and were therefore summed to create a composite measure of semantic fluency in the analyses. Other medications refer to contraceptives, migraine medication and hormone replacement therapy. e n = 15; one participant's CAG repetition was not known (the participant had manifest disease 8 years after linkage testing). f Estimation was calculated by using the formula proposed by Langbehn et al. [43] . g Univariate mean comparisons reported except for sex of affected parent where Pearson's χ 2 test was used. [29] . The free condition of Design Fluency described by Jones-Gotman and Milner [35] was used (the fixed four-line condition was not used, see fig. 1 ).
Non-Verbal Fluency (Design Fluency)
The subjects were asked to produce as many drawings as they could within 5 min. They were instructed that the drawings must not represent real objects or be derived from such an object, and that they must not draw any abstract pattern that could be named, such as a geometric form. Finally, they were instructed that scribbling was not allowed due to the tendency for scribbles to look too much alike and the purpose of the task was to draw as many different designs as possible. The participants were presented with two exemplars of drawings representing allowed and not allowed sketches, which were discussed before the test. All participants were allowed one warning if they did not follow the rules given. The task was scored by counting the total number of novel responses, perseverations, and objects that could be named (rule violations).
Statistical Analysis
The Statistical Package for Social Sciences (SPSS) 22.0 was used for all statistical calculations. For demographic variables univariate mean comparisons and χ 2 tests were computed where appropriate. The non-verbal fluency, phonemic fluency, and semantic fluency were compared using multivariate analysis of variance (MANOVA) with group (HD+CLOSE, HD+DISTANT, and HD-) as a between-subject factor followed by univariate ANOVAs. An alpha level of 0.05 was used and SPSS standard Bonferroni correction applied for multiple post hoc comparisons, such that the calculated p value was multiplied by 3 (i.e., the number of comparisons per outcome variable) before being reported. The same procedure was applied to the sum of errors on the non-verbal, phonemic, and semantic fluency tasks, respectively. Bivariate correlations (Pearson's r) were conducted between fluency performance and PYTO to examine the relationship between fluency and estimated time to disease onset. In order to compare performance across tasks within the carrier groups (HD+CLOSE and HD+DISTANT) raw scores were converted to z-scores based on the performance of the control group (the HD-group). Paired t tests were assessed for the z-scores of carriers in order to compare the three fluency tasks. Measures of effect size are reported as Cohen's d and partial η 2 . Fig. 1 . Hypothetical Design Fluency drawings that represent neither actual objects nor nameable abstract forms. Table 2 The Bonferroni post hoc test revealed a significant difference in non-verbal fluency between the HD+CLOSE and the HD-groups, p < 0.001, and between the HD+DISTANT and the HD-group, p = 0.036, but not between the two carrier groups. Furthermore, a significant difference was found between the HD+CLOSE and the HDgroups in phonemic fluency, p < 0.001, and semantic fluency, p = 0.022, but no reliable difference between the HD+DISTANT and the HD-group, or between the HD+CLOSE and the HD+DISTANT group.
Results
Non-Verbal and Verbal Fluency by Group
Magnitude of Differences across Fluency Tasks
Because no significant differences emerged between the two HD+ groups, and to be able to compare the magnitude of impairments across fluency tasks, the data of the HD+CLOSE and the HD+DISTANT group were combined into a single group. 
Discussion
This study aimed to compare non-verbal and verbal fluency in prodromal HD and to evaluate the magnitude of differences across three fluency tasks. The results revealed that the HD+CLOSE and HD+DISTANT groups performed significantly more poorly in Design Fluency compared to non-carriers. The HD+CLOSE group also had significantly lower performance in phonemic and semantic fluency, while there were no differences between the HD+DISTANT group and non-carriers in the phonemic and semantic fluency tasks. The non-verbal fluency task resulted in a significant between-group difference also in errors as indexed by rule violations. Furthermore, the magnitude of differences for the carrier group was more pronounced in the non-verbal and phonemic fluency tasks compared to semantic fluency. PYTO was significantly correlated to performance on all fluency types.
Production of exemplars for non-verbal fluency and phonemic fluency tasks suggests that they are more sensitive indicators of cognitive function than semantic fluency in prodromal HD. Anatomically this is consistent with an expected effect of a disruption in the frontostriatal thalamocortical circuit present in HD [4, 28] . Based on the increasing evidence that striatal atrophy precedes the phenotypic expression of HD [17, 20, 23, 50] , it is plausible that the disruption in frontostriatal circuits starts before the appearance of motor symptoms. Higher scores in non-verbal and phonemic fluency are strongly related to the integrity of frontal circuits [33, 34] , whereas semantic fluency also has a strong association with the temporal lobes [51, 52] . Detectable differences in semantic fluency might therefore not occur until the symptomatic or near onset stages of the disorder. This could explain why our results contradict earlier findings that semantic and phonemic fluency are equally adversely affected in symptomatic HD [53] .
Verbal fluency has been linked to left frontal lobe function and Design Fluency mainly to right frontal function [35, 54] . Our finding that non-verbal fluency, as measured by the free condition of Design Fluency [35] , declines earlier than phonemic and semantic fluency, may be attributed to the higher eventual capacity required for the task. One possible explanation is that the initiating process of the free condition is more demanding and thus more sensitive than fluency tasks in fixed conditions, such as the fixed four-line task of Design Fluency [29, 35] or the Figure Fluency Test used by Hart et al. [29, 55] . Furthermore, phonemic fluency requires finding items stored in the individual's lexicon, while Design Fluency requires imagination of unknown designs not existing in any lexicon, i.e. directed search versus creative thinking. The less constrained nature of the task (drawing nonsense designs) may require more executive functions linked to the left and right frontal lobes [31] . An alternative explanation is that the task also taps visuospatial functions. Finally, another explanation is that emerging motor and cognitive dysfunction together lower performance [12, 15, 56] .
A potential explanation on a behavioural level for the observed pattern that non-verbal and phonemic fluency are more sensitive is connected to the executive demands of the tasks, which are related to initiation/retrieval capacities [57] . This hypothesis was put forward by Larsson et al. [32] in an earlier study involving semantic and phonemic fluency. Our findings are in line with this early study [32] , and extend previous findings by using different fluency testing instruments. Non-verbal Design Fluency lacks explicit semantic and lexical demands and also lacks related memory components, i.e. the free condition of Design Fluency has a strong element of novelty, which is viewed as a hallmark of executive functions. Hence, results where carriers perform at a lower level in Design Fluency task support the hypothesis of the importance of executive demands, which seem to be compromised in both the HD+CLOSE and the HD+DISTANT group. The determining factor for enhanced performance could be the degree of structure inherent in the task at hand, i.e. the extent to which it requires self-initiated processing. The less structured a task, the greater the demands are to use an efficient search strategy and to exercise creativity in order to perform well. The degree of structure of the cognitive tasks in this study decreases along a continuum from semantic fluency, to phonemic fluency and further to non-verbal fluency. At the same time, cognitive resources required for successful execution increase, i.e. the demand for greater cognitive agility to initiate efficient search strategies and to draw on creative processing, increases along the same continuum. Executive dysfunction has also been suggested to underlie apparent prodromal HD deficits in general cognitive ability, as indexed by Wechsler Adult Intelligence Scale ( table 2 ) [38, 58] . This view is also supported by the findings that performance IQ declines more rapidly than verbal IQ in prodromal HD [38] . There is evidence of the important role of executive demand and its impact on performance in various cognitive tasks, including fluency tasks, in studies of ageing [59] [60] [61] [62] . This could also hold for prodromal HD as cognitive deficits occurring in HD and ageing resemble each other [63] .
An important consideration when studying features of progressive disorders such as HD is the stage of the disease. In prodromal HD an approximation of disease stage is the time to disease onset based on CAG repeats [64, 65] . Our findings, when dividing the carrier group into HD+CLOSE or HD+DISTANT from onset, indicate that non-verbal, phonemic, and semantic fluency are affected in the HD+CLOSE group. Interestingly, all fluency abilities correlated significantly with PYTO. The significant relationships align with the results of Jason et al. [66] who found overall cognitive functioning (a composite of different tasks) to be correlated with the number of CAG repeats. However, the composite measure of executive functioning (composite of Thurstone Word Fluency, Design Fluency, Wisconsin Card Sorting Test, Stroop Color, and Word Test) of Jason et al. [66] was not significantly correlated with CAG repeats. This could be due to the differing degrees of cognitive demand in the elements of the composite of different executive functioning tasks or due to the fact that they did not include age in the analyses.
Another crucial issue to consider is the choice of fluency tasks selected for assessment. It is likely that the various available categories used to measure semantic fluency differ in cognitive demand, depending on the number of possible targets in a specific category [67] . This may make it inappropriate to compare absolute levels in different semantic fluency tasks across studies. The category 'food' would be easier compared to 'fruits' and 'vegetables' that are often limited by the normal common knowledge of supermarket's supplies. Furthermore, cultural differences and education put limits on the categories as well. The most commonly used first letter tasks are only comparable in Germanic languages and would not be comparable for instance to the Finnish language. Regarding the S:A test, the Swedish language is rich with words starting with S and ending with A, but at the same time the test is limited to the Swedish language. On the other hand, the non-verbal fluency task, such as Design Fluency (free condition), is not bound by language and could be compared internationally, but is unfortunately seldom used. Another methodological problem is that when non-verbal tests are used, the test centres choose 'fix conditions' such as lines or dots to be connected [55] . Importantly, the fact that absolute levels in fluency tasks are not easily compared across languages or cultures does not mean that they cannot be compared at the level of individual differences. There is a need for future research to disentangle which fluency tasks are most sensitive to clinical progression and which tasks are suitable for marking deficiencies at a very early stage.
Our results indicate that non-verbal fluency is essentially compromised earlier in the presymptomatic phase, followed by phonemic and semantic fluency in that order. Deficits in a specific fluency ability do not necessarily imply that this ability provides the most accurate measure of clinical progression. Snowden et al. [68] exemplify this assertion when arguing that deficiency in psychomotor speed has a more gradual onset, detectable earlier in the prodromal stage, than does the decline in memory abilities which only becomes apparent around the time of clinical diagnosis. It is plausible that psychomotor or motor deficits may affect performance on cognitive tests that are associated with motor performance [12] such as the Design Fluency test. However, Hart et al. [55] were not able to detect prodromal cognitive change with their Figure Fluency test, although they provided evidence for motor disturbances influencing symbol digit modalities test. This may be due to the fact that they used the modified Five-Point Test (Ruff Figural Fluency Test) [29, 69] that is a more structured and ruled task than the free condition of Design Fluency by Jones-Gotman and Milner [35] .
Furthermore, Paulsen and co-workers [12, 56] note that associations between PYTO and cognitive dysfunction cannot be explained only on the basis of emerging motor signs. The results of the present study indicate that fluency performance in general is deficient in HD, and that decline in non-verbal and phonemic fluency marks abnormalities in prodromal stages. However, non-verbal and phonemic fluency are more sensitive indicators of cognitive change when measuring progression, based also on the greater effect sizes.
Verbal fluency tasks are often used in international studies [14, 70] , but comparability is difficult as letters used vary between languages and task timing is different. This introduces a comparability problem, since the cognitive demand alters depending on both letters used and length of response time. Semantic fluency may not be suitable as a stand-alone early detection measure, but could be useful in comparison to phonemic fluency [70] . Unmack Larsen et al. [70] used phonemic design with alternating letters (lexical alternating fluency; letters S and F alternating with K and B) and semantic/phonemic (semantic/lexical) alternating fluency and found these tasks were most frequently impaired in prodromal HD [70] . Interestingly, although they used experimental and traditional FAS fluency tasks, our results point in the same direction and support the statements that fluency tests seem to be very sensitive in detecting executive deficits in prodromal HD. Variations in the sensitivity to demands of fluency tasks have also been shown in normally ageing older adults [59] .
Limitations to the results warrant mention. The small sample size restricts the power to detect subtle differences, and future studies with larger samples are required to confirm these results. For example, it is possible that a difference between HD+DISTANT and noncarriers in semantic and phonemic fluency does occur earlier, but that it is more subtle in degree than the differences in non-verbal fluency, and hence this study may lack the statistical power to detect such differences. Furthermore, it is important to remember that although we found significant differences between carriers and non-carriers, the distinction might be subtle. Regarding which measure is most sensitive for the detection of clinical progression, the majority of the findings to date derive from cross-sectional study designs that have certain drawbacks as compared to longitudinal designs. This highlights the importance of designing longitudinal studies, with prodromal samples assessing critical areas of cognition over time. However, these easily administered tasks, generally available to clinicians, demonstrate sensitivity to impairment in prodromal HD.
To the best of our knowledge, this is the first study to compare non-verbal and verbal fluency performances in prodromal HD. This study demonstrates that fluency performance is a sensitive measure in distinguishing among groups with prodromal HD and distinguishing carriers and non-carriers. By studying specific critical areas of cognitive abilities there is the potential to observe a less ambiguous picture of early deficits in prodromal HD. This is important for our understanding of the course of the disease and is also of importance to the evaluation of clinical trials. In order to detect early signs of HD, it is recommended that a neuropsychological task in prodromal HD contains a minimum of inherent structure, thus increasing the executive demands. The pattern of results found in the present study emerges from a possible disruption of frontostriatal functioning, followed by more general dysfunction when the prodromal HD progresses to manifest HD. The novel finding that the tasks with high executive demands, such as non-verbal and phonemic fluency, are sensitive to detection of deviations from normal functioning makes the tests functional as follow-up tasks of prodromal HD. The Design Fluency drawings may be particularly sensitive as they tap creative ability and demand high executive functioning. These quickly administered fluency tasks show promise, not only as powerful tools potentially leading to a more precise assessment of phenoconversion, but also as valuable tools in neurological follow-up examinations of prodromal HD.
